Objective: Research on the impact of maternal physical activity on pregnancy outcomes has often employed subjective measures of physical activity obtained by diary or questionnaire. This study investigates the feasibility of using accelerometry as an objective measure of physical activity of pregnant women compared with subjective data obtained via activity recall among pregnant women. Design: Activity data were collected prospectively on 57 women at 12, 16, 25, 34 and 38 weeks of gestation. Total daily physical activity was assessed by ambulatory accelerometer and activity interview (self-report). Maternal personality variables (health value, extroversion) were assessed by established scales. Setting: Leicestershire, UK. Subjects: Pregnant women were recruited by voluntary participation via antenatal booking clinics. In all, 64 pregnant women with low-risk pregnancy were enrolled onto the study, of whom 57 completed the study. Results: Mean 24 h physical activity levels (PAL) decreased significantly from second to third trimester as assessed by self-report interview (1.51-1.29 Metabolic Equivalent TEE-h/day, Po0.01) and accelerometry (200.05-147.42 counts/min, Po0.01). The correlation between the two measures declined as pregnancy progressed (r value ranging from 0.55 to 0.08). Compliance with the accelerometers declined from 90% at 12 weeks to 47% at 34 weeks (Po0.01). Compliance with the self-report interviews was 100%. Those who fully complied with the accelerometry demonstrated a significantly higher health value (Po0.05) and a significantly greater level of extroversion (Po0.05) than those who did not. Conclusions: Accelerometers and self-reported activity interviews both indicated a significant decline in PAL during pregnancy. Although subjects showed a willingness to use both methods, accelerometers resulted in variable compliance with 72 h monitoring. Both techniques may be limited by the need to measure low levels of physical activity during the third trimester. Sponsorship: Cambridge Neurotechnology Ltd, UK, assisted with the provision of Actiwatch accelerometers.
Introduction
The last two decades have seen considerable research into the impact of women's physical activity participation on pregnancy outcomes. The vast majority of studies have found that physical activity does not increase the incidence of small-for-gestational-age infants or premature labour, and may even decrease the incidence of both (Sternfeld, 1997) . Women who exercise in the third trimester have been found to exhibit significantly less gestational weight gain and demonstrate a smaller increase in skinfold measures than their more sedentary counterparts (Clapp and Little, 1995) .
With the exception of a few laboratory-based intervention studies, the majority of this work has sought to quantify maternal physical activity within the field setting. The difficulties involved in taking such measurements are well established (Avons et al., 1988) . Conventional techniques used within the general population include pedometry, accelerometry, heart rate monitoring and activity records obtained through diaries or recall (Westerkerp, 1999; Conway et al., 2002) . Although doubly labelled water is now the gold standard for the assessment of energy expenditure, the costs associated with this method restrict its use in population studies (Goldberg et al., 1993) .
Most pregnancy studies have relied on retrospective, crosssectional designs with a crude estimate of physical activity being obtained by self-report (Zhang and Savitz, 1995) . Past studies of pregnant populations have used questionnaires to assess different combinations of posture (Fortier et al., 1995) , activity over a specific duration (Luke et al., 1995) , intensity or frequency (Klebanoff et al., 1990) or total energy expenditure (Rabkin et al., 1990) . The use of such tools has undoubtedly provided detailed information on maternal activity patterns at minimal cost. However, the inherent subjectivity of these methods may have influenced the results. Precise dose-response relationships between physical activity and pregnancy outcomes thus remain difficult to establish.
Portable activity monitors, or accelerometers, have been advocated as an effective method of measuring physical activity during pregnancy (Jacobs, 2000) . Accelerometers detect the quantity and intensity of bodily movement and demonstrate a high degree of reproducibility and objectivity. Research conducted on nonpregnant populations has demonstrated significant relationships between accelerometer output and energy expenditure under a variety of circumstances (Schutz et al., 1988; Meijer et al., 1989; Bouten et al., 1996; Westerkerp, 1999; Hoos et al., 2004) as well as during a 1-day period of standardized activity in a respiration chamber (Bouten et al., 1994) .
Very few studies have used motion sensors to assess women's physical activity during pregnancy. Wrist actigraphy was used to study changes in women's sleep-wake cycles in pregnancy (Shinkoda et al., 1999) , and mono-axial accelerometers have been employed to assess physical activity on two occasions in pregnancy (Stein et al., 2003) . Actigraphy has recently been used to validate a pregnancy physical activity questionnaire, using only cross-sectional observations (Chasan-Taber et al., 2004) .
The present study sought to examine the feasibility of using an omnidirectional portable accelerometer to assess the longitudinal changes in physical activity levels (PAL) of free-living subjects during low-risk pregnancy. The aims of the study were to (i) compare participant compliance with an accelerometer to compliance with self-report and (ii) compare longitudinal trends in maternal daily activity levels as assessed by these different methods.
Methods
Participants were recruited over a 3-month period (JanuaryMarch) from the antenatal 'booking' clinics of a teaching hospital in the East Midlands, UK. All healthy, nulliparous women who were less than 16 weeks gestation, and designated as low-risk status on entry, were provided with an information leaflet detailing the study aims. Sample size calculations were based upon known changes in sedentarylight activity participation (Van Raaij et al., 1990) since activities in Western populations are predominantly of light intensity (Bassett, 2000) . Calculations produced a target sample size of 35. To allow for attrition, 69 women were recruited. Participation was limited to nulliparous women since the patterns of activity are likely to be quite distinct for first-time mothers compared to those with one or more children (Sternfeld, 1997; Sternfeld et al., 1999) . Low-risk status was defined as any woman who had conceived naturally, had not had more than one previous miscarriage and had no pre-existing condition which might be exacerbated by pregnancy (e.g. diabetes, heart condition). A total of 80 women fulfilling the eligibility criteria were invited to participate, of whom 69 took part, providing written consent. Participation was entirely voluntary and women were free to withdraw at any stage. Ethical approval was obtained from the local health authority and the University committee for human experimentation.
Gestational age was accurately determined by an ultrasound performed at the first antenatal visit. Activity data were collected during the 12th, 16th, 25th, 34th and 38th weeks of gestation. On each of the five measurement points, activity profiles were obtained by two methods: (i) accelerometry and (ii) semi-structured interview using 7-day recall (self-reported activity). This 7-day recall interview closely followed the format of an established physical activity survey (Allied Dunbar National Fitness Survey, 1992), but was adapted to allow detailed collection of data during pregnancy (Clarke, 2001) .
Pilot studies were used to trial the modified 7-day recall interview (Allied Dunbar National Fitness Survey, 1992), a 3-day activity diary (Bouchard, 1983 ) and the accelerometer. After preliminary trials, a 3-day activity diary was considered unacceptable by the participants due to the disruption caused to normal routines by doing this on a repeated basis and the inability to complete diaries during work hours. For this reason, a 7-day recall interview was chosen as the more acceptable method (Allied Dunbar National Fitness Survey, 1992; Clarke, 2001) .The relative validity of activity via the 7-day recall interview was assessed by comparison with an established questionnaire (Modified Baecke Questionnaire of Habitual Activity; Pols et al., 1995) in 20 healthy nonpregnant women. The Modified Baecke Questionnaire comprises questions answered on a scale of 1-5 in three sections to produce a separate index on work, sport and leisure activity (each index ranging from 1 to 5). The sum of three indices is used to produce total activity (scores range from 3 to 15).
Repeatability of the Modified Baecke Questionnaire ranges from 0.65 to 0.89 and relative validity against a 3-day activity diary ranges from 0.56 for men to 0.44 for women (Pols et al., 1995) . A Pearson's correlation coefficient of the 7-day recall interview and the Modified Baecke Questionnaire was 0.73 (P ¼ 0.001), demonstrating the convergent validity of the interview (Clarke, 2001) . Test-retest reliability of the 7-day recall interview after 1 month was 0.71 (Po0.001). Paired t-tests showed no significant difference between the repeat scores of subjects. Data from the 7-day recall interview will be referred to as self-reported activity.
The activity levels of the pregnant sample were assessed objectively using an ambulatory 'actiwatch AW2' monitor (Cambridge Neurotechnology Ltd, Cambridge). The actiwatch resembles a wristwatch, measuring 27 Â 26 Â 9 mm 3 , weighing only 16 g and has the potential for a more complete assessment of physical activity patterns. Each actiwatch contains a sensor capable of detecting motion in all directions. This sensor assesses the daily body movement by integrating the degree and speed of movement occurring within a given period, or epoch. The actiwatch has a variable epoch length of between 0.25 and 15.0 min. The resultant activity count is stored within an internal memory. At a 1-min epoch, the unit has a maximum recording capacity of 5.6 days. All actiwatches were calibrated on production to record with an accuracy of over 95% (Cambridge Neurotechnology Ltd) and were re-calibrated by the manufacturers at least once during the course of the study.
Participants wore the accelerometer on the nondominant ankle, in order to minimize the error associated with isolated arm movements and more appropriately reflect gross body movements and postural shifts. While the preferred site of attachment for an accelerometer is often the trunk (Meijer et al., 1991) , such an approach was not possible due to difficulties involved in attaching the unit around the abdomen for 72 h continuously without causing discomfort. As the effect of fetal movements on recorded activity around the trunk is unknown, this was also seen as a potential source of error in the measurement, particularly with the increasing effect of fetal movements in late pregnancy.
At each measurement point, participants were asked to wear the actiwatch for a continuous 72-h period, comprising one nonworking and two working days (one weekend day and two weekdays for those not employed or studying). Continuous monitoring of day and night-time activity was included to examine change in sleep patterns during pregnancy (Clarke et al., 2005) . Women were instructed to go about their normal daily routine and only remove the actiwatch during periods of bathing or watersports. Participants were instructed to identify these periods by the use of marker button on the actiwatch. Periods of nonwear were identified either by the presence of a marker button, or by activity counts of zero for a period of 15 min, for up to a total continuous period of 60 min. Zero counts for greater than 60 min were considered in excess of reasonable time for bathing and showering and were thus classified as noncompliance. Periods of noncompliance and nonwear time were readily distinguishable because of the use of marker buttons and because of the long, continuous periods of zero counts (i.e. 12, 24 h, or longer) seen with noncompliance. Nonwear time was adjusted for by averaging activity counts over the total wear time only (i.e. 24 h -nonwear time). Data from the actiwatch provided a measure of mean daily activity level, expressed as activity counts/min.
The 72 h accelerometry ran concurrently with the first 3 days of the piloted 7-day recall interview. All visits were conducted by the same interviewer throughout the study, thus avoiding any interobserver bias in the recording of selfreport data. Interviews were conducted in the participants' homes. The nature, duration and intensity of all forms of physical activity undertaken in the 7 days prior to interview were recorded, with women recalling their behaviour in the occupational, domestic, recreational and nocturnal domains.
Since this work formed part of a larger, more holistic study of pregnancy (Clarke, 2001) , information was also collected on age, marital status, educational level, personality traits and variables relating to pregnancy. Prepregnancy activity was assessed retrospectively using the modified Baecke Questionnaire of Habitual Physical Activity (Pols et al., 1995) . Additional baseline variables comprised maternal health value (Lau et al., 1986) and extroversion (Eysenck and Eysenck, 1975) . Maternal health value scale comprises four items on which responses are made using a six point Likert scale from strongly agree to strongly disagree. Scores range from 4-24. Extroversion and neuroticism are assessed on two scales within the Eysenck Personality Inventory (EPI). The EPI employs Yes/No responses to a number of statements to produce an overall score.
Statistical methods
For each activity reported, the duration of activity in minutes was multiplied by its intensity in Metabolic Equivalent TEE (METs, where TEE is the total energy expenditure) and frequency over the 7-day period. MET scores were based upon on the best documentation available at the time of data analysis (Ainsworth et al., 1993) . Mean total daily activity levels, taking into account the intensity and duration of each activity, are expressed as MET-h/day (or kcal/kg/day) following the procedure outlined by Kriska and Caspersen (1997) . Data were analysed using SPSS. Repeatedmeasures analyses of variance were employed to test for changes in activity using serial measurements on the same individuals over time. Paired t-tests were performed to identify the time points at which significant changes in activity occurred.
Results
In all, 69 women initially agreed to participate, of whom 64 began the study (three miscarried and two withdrew immediately). A further seven subjects were lost due to medical complications (n ¼ 3), movement out of the health authority (n ¼ 3) or absence of a permanent address (n ¼ 1). Thus, 57 women provided data for analysis. Of these 57 women, 30 were recruited sufficiently early to provide data at 12 weeks gestation. Sample size was also lower at 38 weeks gestation due to six women delivering their babies before this time. The mean age of the sample was 26.3 years (s.d. 5.2 years, range 15.7-38.2 years). Also 47 women (82%) were in full time employment, three individuals worked part-time, three were homemakers, three were unemployed and one was in full-time education. The sample was broadly similar to other adult female populations in terms of personality and prepregnancy activity levels (Table 1) . Participation in structured exercise or sports was low in the sample. Only four women (11%) reported taking part in sports or exercise on at least three occasions or more during the entire pregnancy.
The activity interview attained 100% compliance. Compliance with the accelerometry was lower (Table 2) . Compliance with the actiwatch declined significantly between 16 and 38 weeks gestation (w 2 ¼ 19.33, df ¼ 1, Po0.01). When activity counts were downloaded from the accelerometers, it was apparent that less than half of the sample (44%) had activity data for a continuous period of 24 h or more at every data collection point. Only five women (10%) had complete actiwatch data for the designated 72-h at each of the five measurement occasions. Activity counts produced by the actiwatch were tested for normality (Kolmogorov-Smirnov z-values from 0.50-1.14, P ¼ NS for weeks 12-38). Mean nonwear time among those who followed the study protocol was 46.86 min (SD 22.14) per 24 h. Nonwear time was predominantly spent on low-intensity activities (showering and bathing).
To identify factors associated with accelerometer compliance, the sample was examined on the data provided at 25 weeks gestation, the time point when there were the greatest number of individuals providing data for 24-48 h. The sample was divided into those individuals who had worn the monitor for 24-48 h (n ¼ 10), between 48 and 72 h (n ¼ 11) and for the total 72-h period (n ¼ 36). No significant differences in participants' sociodemographic circumstances, pregnancy-related experiences or daily activity levels were found. Significant differences in health value (F(2,54) For all time points in the study, the mean daily activity levels of working and nonworking days were not significantly different. Furthermore, one-way analyses of variance showed no significant difference in mean activity levels (using both self-report and accelerometry) between women providing data for 24o48, 48o72 and 72 h at each assessment. This indicates that compliance with accelerometry was not associated with activity level. All women providing accelerometer data for at least one continuous 24-h period were therefore included in subsequent analyses. Table 3 presents the mean daily activity levels on each assessment as measured by the accelerometry and by self-report interview.
Results are presented for two groups of participants. The first group comprises women who provided data via selfreport interview (n ¼ 51) and accelerometry (n ¼ 30) on every occasion from 16-38 weeks gestation. The second group, a subsample of the first, comprises women who provided activity data at 12 weeks, and on every occasion thereafter (n ¼ 16 accelerometer data, n ¼ 30 self-report data). The two groups differ only in that some women presented at their first antenatal booking appointment sufficiently early to weeks in the subsample, compared with the larger sample of women. Table 4 displays the Pearson's correlations between the two measures taken on the five assessments during pregnancy. Coefficients are provided for (i) the maximum number of women present at each data collection point and (ii) those women who provided actiwatch data at every stage between 12 and 38 weeks gestation (n ¼ 16). In both samples, the strength of association between the two measures decreased as pregnancy progressed. Repeating the analysis using a Spearman's correlation produced slightly lower correlation coefficients and, again, only the correlation at week 12 was statistically significant (Spearman's rho ¼ 0.38, Po0.01). Results of the correlation analyses at each time point did not change after controlling for wear-time. Published cutpoints were used to examine the correlation between activity counts and self-report activity subdivided into low intensity and moderate-intensity activity and above. No women fell within the moderate-intensity activity category on any occasion using the cut points of X574 (Swartz et al., 2000) and X1952 (Freedson et al 1998) . Only the lower cut point of X191 (Hendelman et al., 2000) identified individuals with activity of moderate intensity or above. Table 5 shows the Pearson correlation coefficients for each assessment when activity was subdivided into low and moderate-high categories using the Hendelman cut-point. Correlations between self-report activity and accelerometry were generally higher for low-intensity activities. Repeating the analyses using Spearman's correlation coefficients produced the same results.
Discussion
The purpose of this study was to investigate the feasibility of using accelerometers to assess free-living physical activity in pregnant populations compared with self-report interview. This study has several important features. Firstly, it employed omnidirectional motion sensors, which are better for recording sedentary activity compared with mono-axial sensors (Westerkerp, 1999) . Secondly, it sited the accelerometer on the ankle to increase the comfort of 72 h continuous monitoring. Thirdly, the study examined nulliparous women, since patterns of activity are likely to be quite distinct for first-time mothers compared to those with one or more children (Sternfeld et al., 1999) . Further longitudinal studies are needed to see whether changes in physical activity are observed in multiparous women using the same techniques. Finally, the present study examined everyday physical activity during all three trimesters of pregnancy, spanning very early and very late gestation. This provides new insight into the longitudinal patterns of activity in a sample of pregnant British women. The study participants were of low-risk pregnancy, retention of the sample was high and the final sample included those without any medical complications. Comparisons of the study sample with published data demonstrated that they were broadly representative of British women in terms of habitual activity, socioeconomic status and birth outcomes (Clarke et al., 2005) .
The present study demonstrated a significant decrease in physical activity using two different techniques suitable for field studies. This decline in activity is unlikely to be attributable to seasonal changes, since the study ran from winter to summer and recruitment was staggered over a 3-month period. Furthermore, seasonal changes have little influence on domestic and occupational activity, affecting principally sports participation (Chasan-Taber et al., 2004) . Sports participation or structured exercise was extremely low throughout the study, hence, this effect is likely to be minimal and would not explain a decline in activity. In contrast to the present study, Stein et al. (2003) detected no significant change in physical activity using recall, accelerometry and heart rate telemetry. The latter study, however, selected subjects on the basis of habitual activity levels, perhaps mitigating against the likelihood of observing changes during pregnancy. The timing of the two observations, at 20 and 32 weeks, also differs from the present study. Goldberg et al. (1993) reported a significant decline in physical activity from 30 to 36 weeks, but at no other time in pregnancy. However, the 12 women in the study were highly selected and activity of several participants was restricted by serious medical complications. A decline in activity during pregnancy has been reported from a retrospective postal questionnaire conducted postpartum (Mottola and Campbell, 2003) , but this study did not measure 24 h activity on a repeated basis.
Two important methodological issues arose from the present study. First, compliance with the accelerometers diminished over pregnancy, and second, the correlation between physical activity values produced by the accelerometer and the self-report interview decreased over time. The reasons for low compliance are unclear. Assessing physical activity with accelerometers has been advocated because they are unobtrusive and lightweight instruments (Meijer et al., 1991) . Compliance with the accelerometers was encouraged by visiting the home of every participant at the time of assessment. The significant association between participant compliance and maternal health value suggests Using cut-point of X191 counts/min (Hendelman et al., 2000) . **Po0.001.
that women who placed a higher value on their health were more motivated to assess their own behaviour during pregnancy (Lau et al., 1986) . None of the participants reported any physical barrier to the monitor's use. Rather, anecdotal comments suggested that failure to comply with the protocol originated from a reluctance to wear the actiwatch unit in public. The increased compliance associated with increased extroversion supports this hypothesis. Previous studies employing accelerometry have not reported significant reductions in compliance over time. However, one study was cross-sectional (Chasan-Taber et al., 2004) and the other entailed laboratory visits on two consecutive days on two occasions across pregnancy (Stein et al., 2003) . The former eliminated 23 days of recording on 14 subjects (total 54 subjects) due to failure to record accelerometer data; the latter found that recording time of actiwatch varied from 397 to 1055 min within any 24 h period, suggesting considerable variation in compliance. To our knowledge, the present study is the most intensive study of longitudinal changes in activity on pregnant women in a community-based setting.
The decreasing correlation between activity values obtained by self-report and those obtained by the accelerometer over pregnancy also requires consideration. Given that the former is a subjective measure, and the latter an objective measure, the correlation between the two may not necessarily be high, but one would expect it to be consistent. There are a number of possible explanations for the decreased correlation over time. Moderate-intensity activities are less well described than vigorous and structured exercise (Bassett, 2000) . Therefore, self-reported activity may have decreased in accuracy in late gestation when most activity was sedentary or light intensity.
Neither of the techniques employed in the present study provides a precise measure of PAL. Activity diaries in the general population have been shown to overestimate physical activity (Conway et al., 2002) . In pregnant women, activity diaries were shown to overestimate physical activity by around 400 kcal/day, whereas accelerometry underestimated activity by a similar amount compared with heart rate telemetry (Stein et al., 2003) . However, both self-report activity and accerelometry are valuable methods for examining within-subject changes in physical activity, and for assigning rank order within a population, since the degree of over-or under estimation will be relatively consistent within individuals. Hence, the observed changes in the present study are most likely to represent real changes in physical activity. Self-report has the advantage over accelerometry of providing detailed information on the types and duration of specific activities (Clarke, 2001) . It also bears no equipment costs. The latter benefit, however, is largely outweighed by the time-costs of interviewing for both investigators and participants.
Any attempt to assess physical activity in pregnant women is complicated by the dynamic physiological changes over the gestational period. The enormous inter-and intraindividual variability in basal metabolic rate and heart rate during pregnancy means that repeated laboratory testing is required to assess physiologic and metabolic variables before assessing PAL and total energy expenditure (Goldberg et al., 1993) . The complications presented by metabolic and physiologic changes during pregnancy mean that assessment of physical activity by either accelerometry or activity recall has certain advantages over the laboratory assessment of total energy expenditure.
In conclusion, this study suggests that accelerometry can be used to assess changes in habitual activity during pregnancy, but there is scope to refine this technique further. First, any tools for activity assessment must be sensitive to measure very low levels of activity during late gestation. Further studies are required to gain a better understanding of the low correlation between accelerometry and self-reported activity in late gestation. Secondly, compliance with accelerometry requires further investigation. This study suggests that compliance may be influenced by the positioning of the device and the duration of assessment, as well as participant characteristics relating to personality. Future studies may improve on the technique of accelerometry by developing the best compromise between the ideal site for measurement, the comfort of participants for continuous monitoring and the visibility of any monitoring device.
